Quantitative evaluation of stress intensity factors a steel experienced during propagation and on arrest of a brittle crack was made by applying the X-ray fractography technique to the fracture surface of the compact specimens of a pressure vessel steel SA533B Cl. 1. The stress intensity factor, which was determined along the crack path using the half value breadth of X-ray diffraction intensity curve obtained on the fracture surface , was found to decrease monotonically as the crack propagated , but to become undulating before arrest. It was shown, contrary to the general belief, the stress intensity factor for crack arrest was not necessarily the smallest , not even a minimum, of all those obtained for the crack propagation. The stress intensity factor for crack arrest was in good agreement with the crack arrest toughness KIa determined by the static analysis, while it was smaller than KID determined by the dynamic analysis.
I. Introduction
Brittle fracture consists of crack initiation, propagation and arrest. Even though the method of evaluating crack initiation characteristics with ICze or COD has been established,l,2~ no definite evaluation method has been established yet for the crack propagation and arrest. In paticular the crack arrest toughness, which describes the ability of a material to stop a running crack, has been evaluated by two different values KIa3,4) which is calculated from the test result by static analysis and KIDS) by dynamic analysis in which the kinetic energy is taken into account. A great deal of discussion has been made on the subject of which value should be used.6-8~ Some attempts have been made at measuring empirically the stress intensity factor during crack propagation and on arrest,9-11) but they were on plastic resins with optical methods. Though these research works made it clear that a dynamic analysis should be applied to the assessment of stress intensity factor for brittle crack propagation, no appropriate method of evaluating the crack arrest toughness has been developed yet.
The authors showed with four structural steels that the broadening of X-ray diffraction intensity curve taken on the brittle fracture surface might be used to evaluate the resistance of a material to the brittle crack initiation, J1.12) Since this technique, which is called the X-ray fractography, uses the fracture surface exposed in the specimen tested, it can be an effective method for measuring the stress intensity factor the specimen experienced during propagation and on arrest of the fast brittle crack.
The present paper describes a successful application of X-ray fractography to the compact specimens, and discusses the crack arrest toughness of steels.
II. Experimental Procedures

Materials Tested
The materials tested were two heats of nuclear pressure vessel steel SA533B C1. 1, whose thickness was 250 mm. The chemical composition and mechanical properties of the materials tested are listed in Tables 1 and 2 , respectively.
Brittle Crack Propagation and Arrest Test
The compact test was performed as a brittle crack propagation and arrest test. The specimen geometry is shown in Fig. 1 . The notch was machined so that the tip of the notch should be located inside the hard and brittle weld metal. Specimens A and B were machined from steel Ql and specimen C from steel Q2 so that the center of the specimen thickness was coincident with the quarter line of the plate thickness and the testing direction was perpendicular to the main rolling direction.
After having kept a specimen at a given temperature, a pair of split pins were put into the hole of the specimen, then a wedge was pushed into between the pins to open the notch, and a brittle crack was initiated at the machined notch and propagated. The specimen was prestrained before testing to generate tensile residual stress at the notch tip so as to make the crack initiation easier. The crack opening displacement was measured with a clip gage attached to the knife edges which were located at the center of the specimen thickness and 0.25 W away from the (wt%) load line.
The static crack arrest toughness KIa was calculated using Eq. (1)3.4) from the crack opening displacement at crack arrest J f' which was measured at the location 0.25 W away from the load line, and the arrest crack length a f, which was defined by the distance between the load line and the arrested crack tip.
where E is the elastic modulus, B, BN and specimen dimensions as defined in Fig. 1 The stress intensity factor at crack initiation KQ was calculated by substituting d f with the crack opening displacement at crack initiation do and a f with the initial crack length a0.
The dynamic crack arrest toughness KID was calculated from KQ and the crack propagation length (4at°tal=a f-aa) using a diagram showing an approximate relation between KID/KQ and dat°tai/ W. The diagram was proposed by Hahn, et al.5~ on the basis of the change in the dynamic stress intensity factor during crack propagation, which was determined by numerical calculation using theoretical equations which took into consideration the energy generated during crack propagation.
Besides the compact test described above, the three point bend test was conducted on steel Q2 with 100 mm thick specimens to obtain plane strain fracture toughness KIC according to the ASTM Standard E399.13 .
X-ray Measurement
The fracture surface of the compact specimen was irradiated by a parallel beam X-ray to evaluate the microstructural change in the material just below the fracture surface by means of the half value breadth of the diffraction intensity curve obtained using a scintillation counter. The X-ray conditions are listed in Table 3 . The X-ray measurement was carried out along the center line of the specimen thickness at an interval of 5 mm. To furnish a standard, the fracture surface adjacent to the precrack front in each of the three point bend specimens was also subjected to the X-ray measurement with the conditions as shown in Table 3 Table  3 . X-ray conditions. Table 4 lists all the compact test results. The crack arrest toughness obtained by the dynamic analyses KID was greater than KIa obtained by the static analysis by 46 % for specimen A, 31 % for specimen B and 14 % for specimen C. That is, the strongest dynamic effect was observed in specimen A and the weakest in specimen C.
Variation of X ray Measurement
The variation of the breadth of the X-ray diffraction intensity curve obtained on the fracture surface of specimen C, which was produced by the brittle crack propagation, was studied with respect to the half value breadth and the integral breadth. Figure 3 shows the eleven X-ray measurements obtained at the arrested crack front on the center line of the specimen thickness. The half value breadth was 2.230 deg in average and 0.016 deg in standard deviation, while the integral breadth was 2.673 deg in average and 0.015 deg in standard deviation. Though the absolute value of the half value breadth was smaller than that of the integral breadth, there was no significant difference in their standard deviation. Figure 4 shows the change in the breadth of the X-ray diffraction intensity curve obtained along the arrested crack front. No significant change in the breadth over the specimen thickness was observed. The half value breadth was 2.214 deg in average and 0.022 deg in the standard deviation, while the integral breadth was 2.655 deg in average and 0.033 deg in the standard deviation. Since the standard deviation of the half value breadth was smaller than that of the integral breadth, the half value breadth was used hereafter to describe the breadth of any X-ray diffraction intensity curve.
Change in Half Value Breadth during Brittle Crack
Propagation Figure 5 shows the change in the half value breadth of the X-ray diffraction intensity curve from the compact specimen fracture surface along the brittle crack propagation path. Location 1 corresponds to the fracture surface adjacent to the brittle weld metal in Photo.
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(881 which brittle fracture was initiated, while location 13 in specimens A and C and location 11 in specimen B correspond to the position at which the brittle crack was arrested. The distance between two adjacent locations was 5 mm. The change in half value breadth measured along the brittle crack propagation path should clearly be meaningful if the variation in the half value breadth measurement as shown in Figs. 3 and 4 were taken into account as corresponding to the change in microstructures of the material beneath the fracture surface, on which X-ray was irradiated, due to the plastic deformation caused by the brittle crack propagation. Figure 5 , therefore, indicates that the change in microstructures of the material beneath the fracture surface caused by the brittle crack propagation in the compact specimens decreases monotonically at first, but becomes undulating after the crack has propagated almost half of the length the crack runs before getting arrested. The change in microstructures at the location of crack arrest is not necessarily smaller than those observed during crack propagation, but is actually greater or on the way of increasing. This will mean that, contrary to generally held belief, a crack does not become arrested simply because the ability of the crack to plastically deform the steel has become small.
Relation between Half Value Breadth and Fracture
Toughness A good relation was observed between the static fracture toughness Jig and the breadth of the X-ray diffraction intensity curve from the fracture surface adjacent to the brittle crack initiation site,12,13) both as obtained with the three point bend specimens. Figure 6 shows the relations between J calculated from K10 and the X-ray half value breadth of the crack initiation site of the three point bend specimens which satisfied the K1 requirements') and between J calculated from the stress intensity factor at crack initiation KQ and the half value breadth of the fracture surface adjacent to the brittle weld bead of the compact specimens at which the brittle crack initiated. Equation (2) The correlation coefficient r for Eq. (4) was 0.96. Thus, Eq. (4) gives a good approximation of the relation between J and B.
Stress Intensity Factor during Crack Propagation and on Arrest
Equations (3) and (4) were used to calculate the stress intensity factors for during crack propagation and on arrest, from the half value breadth of X-ray diffraction intensity curve as shown in Fig. 6 .
The results obtained are shown in Fig. 7 in which the data of KQ are also plotted. Kin gradually decreases with the crack propagation, followed by undulation until the crack arrest, just as obtained analytically5,6) and empirically on plastic resins.9-11) It will be noted further that Kiyn at crack arrest is not necessarily the smallest. That is, in specimen A the Kiyn at crack arrest is on the way of decreasing, but it is not the smallest, while in specimens B and C, the Kiyn at crack arrest are on the way of increasing beyond a minimum. Figure 8 shows the comparison of Kiyn and the crack arrest toughness Kia obtained through the static analysis and KID through the dynamic analysis. For each specimen, Kiln at crack arrest is in good agreement with Kia, but KID is greater than Kin during crack propagation except in the early stage. This means that, while KID overestimates the crack arrest toughness, Kia gives an appropriate value, an observation that agrees with the present authors' conclusion drawn based on the comparison of Kiyn of plastic Plot of the half value breadth of an X-ray diffraction intensity curve res. location. 
Transactions ISIJ, Vol. 22, 1982 resin obtained empirically by Kalthoff, et a1.'°~ with those of structural steels obtained by one of the present authors using the compact specimens. Since KID obtained through the dynamic analysis is a value that corresponds to the average crack propagation velocity, it was expected that KID overestimated the stress intensity factor for crack arrest or the crack arrest toughness. The fact that Kin at crack arrest is in good agreement with KIa obtained through the static analysis, on the other hand, suggests that it is not necessary to take the dynamic effect into account for the crack arrest. This suggestion, however, does not mean that the stress intensity factor during crack propagation can be appropriately evaluated through the static analysis. Figure 9 compares the measurement of stress intensity factor KY 1 during crack propagation and on arrest with the statically calculated value using Eq. (1) with an assumption that the crack length and displacement vary in proportion to time. The statically calculated stress intensity factor monotonically decreases with crack propagation, accompanies no undulation, and is generally greater than the empirical value. Thus, the stress intensity factor obtained through the static analysis does not appropriately evaluate the stress intensity factor for a brittle crack that is nucleated at the notch tip during its propagation.
Iv. Conclusions
A quantitative evaluation of stress intensity factors for during brittle crack propagation and on crack arrest was made by means of the X-ray fractography technique for compact specimens of a pressure vessel steel SA533B C1. 1. The main results obtained are as follows :
(1) The half value breadth of X-ray diffraction intensity curve obtained on the fracture surface decreased monotonically as the brittle crack propagated and then became undulating after the crack propagated almost half of the arrested crack length.
(2) A good relation was observed between J calculated from I( and the half value breadth of the X-ray diffraction intensity curve for the crack initiation site of 100 mm thick, notched three point bend specimens and between J calculated from the stress intensity factor at crack initiation KQ and the half value breadth of the X-ray diffraction intensity curve obtained from the fracture surface adjacent to the brittle weld bead of each compact specimen at which the brittle crack initiated.
(3) The stress intensity factors Kin for during crack propagation and on arrest were estimated from the half value breadth of the X-ray diffraction intensity curve obtained on the fracture surface of the compact specimens. The Kin gradually decreased with the crack propagation, followed by undulation until the crack arrest. The KISn at crack arrest was not necessarily the smallest.
(4) The Kin at crack arrest was in good agreement with the crack arrest toughness obtained through the static analysis KIa, but was smaller than that obtained through the dynamic analysis KID. Relation between the stress intensity factor obtained empirically and that estimated using static analysis.
